Abstract-Full-duplex relaying (FDR), i.e., simultaneous transmission and reception using the same frequency channel at a radio relay, can be used to achieve a spectral efficiency higher than that in the case of half-duplex relaying (HDR) if loopback interference is well-managed. To achieve spectral efficiency that is higher than that achieved when using FDR and HDR separately, an optimal transmission-scheduling scheme for an FDR-HDR hybrid is proposed. The scheme is formulated as an optimization problem. The conditions required to achieve the maximum spectral efficiency are determined analytically. Numerical results confirm that the proposed scheme is superior to FDR and HDR.
I. INTRODUCTION
T HERE are two duplex modes for relaying: half-duplex mode and full-duplex mode. In half-duplex relaying (HDR), orthogonal time slots or orthogonal frequencies are used, and thus, there is no co-channel interference. As a result, the signal-to-interference-plus-noise ratio (SINR) in HDR is higher than that in full-duplex relaying (FDR), which suffers from co-channel interference. On the other hand, FDR has gained importance in recent years because of its high capacity potential. In the FDR mode, a relay receives and transmits data simultaneously on the same frequency channel. Thus, co-channel interference, which is also known as loop-back interference, is observed at the relay station. However, if the isolation between the receiving and transmitting antennas at the relay is infinite, the spectral efficiency of two-hop relaying in the FDR mode will be twice that in the HDR mode. This difference is because two orthogonal channels need not be used for two-hop relaying in the FDR mode. Thus, the main challenge involved in realizing FDR is to achieve high isolation between the receiving and transmitting antennas. To this end, loop-back interference canceller [1] and a compact antenna that helps realize high isolation [2] When there is a difference between the data rates of source-to-relay and relay-to-destination links, the end-to-end throughput of FDR is limited by the data rate of the weaker link, irrespective of the data rate of the stronger link. In contrast, the end-to-end throughput of HDR is affected by the data rate of the stronger link. This is a result of transmission scheduling of source-to-relay and relay-to-destination links. The optimal solution for the transmission scheduling problems encountered in HDR-based multi-hop transmission and multihop radio networks have been discussed in [3] - [5] .
With the aim of improving the end-to-end throughput of two-hop relaying in the FDR mode, we propose a technique that uses a combination of FDR orthogonal reception and orthogonal transmission at the relay. This transmissionscheduling scheme is a hybrid of FDR and HDR. There are many papers in which the comparison of FDR and HDR is discussed [6] - [8] ; however, there are very few papers on the combination of these two modes. Adaptive utilization of FDR and HDR has been proposed in [9] , but this adaptive utilization is just a scheme that utilizes switching between FDR and HDR. However, in our hybrid scheme, an additional degree of freedom is provided to the existing switching scheme, and a high spectral efficiency is expected.
The rest of this letter is organized as follows. In Section II, the scheduling problem is formulated as a linear programming problem, and its optimal solution is devised by assuming an isolated two-hop transmission. In Section III, the optimal endto-end throughput is evaluated numerically, and it is shown that the proposed scheme is superior to both FDR and HDR. Section IV concludes the letter.
II. FORMULATION AND SOLUTION OF OPTIMAL TRANSMISSION SCHEDULING
We consider a set comprising a source, a relay, and a destination. We assume a time duration for which the data rate is constant for each transmission between the source, relay, 1089-7798/11$25.00 c ⃝ 2011 IEEE and destination. This assumption is reasonable in some cases, for example, when fast fading is averaged out and only the average data rate is taken into account. We propose a technique that is a hybrid between FDR and HDR. We also propose to optimize the end-to-end throughput by controlling the duration of each transmission. In this scheme, there are three orthogonal phases, as shown in Fig. 1 . The first and third phases correspond to HDR, where the source and relay transmit using different orthogonal phases. The second phase is FDR, where the relay receives simultaneously packets from the source and transmits them to the destination. We propose to maximize the end-to-end throughput by scheduling the duration of each phase. Note that, the total amount of data transmitted in phase 1 must be equal to that in phase 3 to maximize the end-to-end throughput in general HDR, but it need not be satisfied in the proposed scheme.
Let XY (> 0) be the average data rate from transmitter X to receiver Y in phase ∈ {1, 2, 3}. Since the relay and destination suffer from co-channel interference in phase 2, the SINR for phase 2 will be lesser than that for the other phases; therefore, the average data rate in phase 2 is assumed to be lesser than that in the other phases as SR1 > SR2 and RD2 < RD3 . Let the ratio of the time duration of phase to the total time duration be denoted by (≥ 0, ∑ ≤ 1). The problem of maximization of the end-to-end throughput can be formulated as the following linear programming problem with optimization variables 1 , 2 , and 3 . maximize subject to
where the first and the second constraints correspond to the source-to-relay and relay-to-destination links, respectively.
The solutions of problem (1) can be obtained by using linear programming approach and are summarized in Table I , where [⋅] ★ denotes the optimal solution. We can see that only up to two phases are required, except for the special case, SR2 / SR1 + RD2 / RD3 = 1. This optimal scheduling satisfies the following condition: the total amount of data transmitted from the source is equal to that received at the destination, i.e.,
If we do not use phase 2, i.e., if 2 = 0, problem (1) will be the maximization problem of end-to-end throughput for HDR. The solutions of this problem are given as
Hereinafter, this scheduling will be referred to as HDR with transmission scheduling (HDR-TS). Note that the original problem (1) includes HDR-TS; therefore, the end-to-end throughput of the proposed hybrid scheme is greater than or equal to the throughput achieved in HDR-TS. 
Then, we compare the proposed scheme and HDR-TS. The difference between the end-to-end throughputs of the proposed scheme and HDR-TS is
The proof for the conditions SR2 / SR1 + RD2 / RD3 > 1 and SR2 > RD2 is obtained in a similar manner. In addition, simple switching between FDR and HDR-TS will help achieve the maximum throughput in the case of both FDR and HDR-TS. Therefore, the end-to-end throughput in the proposed hybrid scheme is higher than that in the case of simple switching when SR2 / SR1 + RD2 / RD3 > 1 and SR2 ∕ = RD2 .
III. NUMERICAL RESULTS
The conventional relaying methods and their end-to-end throughputs are listed below:
• HDR: Setting, 1 = 3 = 1/2 and 2 = 0. The end-toend throughput is = min{ SR1 , RD3 }/2. (2) and 2 = 0. The expression for the end-to-end throughput is as given in (3).
• FDR: Setting, 2 = 1 and 1 = 3 = 0. The end-to-end throughput is = min{ SR2 , RD2 }. We show the end-to-end throughput by numerical evaluation by varying SR2 and setting ( SR1 , RD2 , RD3 ) = (3 Mbps, 2 Mbps, 4 Mbps), as shown in Fig. 2 . The behaviors of the relaying methods differ in three parts where (i) 0 ≤ SR2 < 1.5, (ii) 1.5 < SR2 < 2, and (iii) 2 < SR2 hold. The first part corresponds to the condition SR2 / SR1 + RD2 / RD3 < 1 given in Table I , and thus, we get ★ 2 = 0. Therefore, the proposed scheme in this part is equivalent to the HDR-TS.
The second part, i.e., 1.5 < SR2 < 2, corresponds to the conditions SR2 / SR1 + RD2 / RD3 > 1 and SR2 < RD2 , and thus, we get ★ 3 = 0. This is because in phase 2 the amount of data received at the relay is lesser than the amount of data transmitted by the relay; thus, the source should transmit additional data in phase 1 to compensate for this difference. Since the proposed scheme does not involve simple switching between FDR and HDR-TS but switching among three phases, the end-to-end throughput is higher than that in the case of FDR, HDR-TS, and simple switching between HDR and FDR, as shown in Fig. 2 . Finally, the third part, 2 < SR2 , corresponds to the conditions SR2 / SR1 + RD2 / RD3 > 1 and SR2 > RD2 , and thus, we get ★ 1 = 0. Since the difference in the conditions of the second and the third parts is only the sign of inequality between SR2 and RD2 , the behavior of the third part can be discussed in a manner similar to that in case of the second part. Because switching between FDR and HDR-TS helps achieve the maximum throughput of FDR and HDR-TS, it is apparent that the proposed scheme is superior to the simple switching scheme in the second and the third parts, as shown in Fig. 2 .
IV. CONCLUSION
To maximize the end-to-end throughput, three modes for relay can be scheduled in the proposed hybrid scheme: orthogonal reception, orthogonal transmission, and simultaneous reception and transmission at the relay. This maximization problem is solved using linear programming. Numerical evaluations reveal that the throughput of the proposed scheme is higher than that in the case of FDR, HDR, and simple switching between FDR and HDR.
